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Abstract 
 
A two-phase polymer electrolyte membrane fuel cell model has been developed to 
investigate transport of species in a gas diffusion layer taking into account effects of 
liquid water saturation.  A set of governing equations for mass, momentum, species 
concentration involving oxygen, hydrogen, water vapour and liquid water together 
with electrochemical reaction equations have been solved under computational fluid 
dynamics technique. The effects of presence of liquid water on the effective diffusivity 
of species have been investigated. A thorough comparison study of liquid water 
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saturation model using power law with various exponential factors and a percolation 
based model has been carried out.  The simulation results show that the power law 
model with exponential factor of 2 provides a good representation of species 
diffusivity and produces much closer agreement with experimental cell voltage, while 
the percolation based model produces overprediction of cell voltage. The effects of 
isotropic and anisotropic permeability of gas diffusion layer have also been studied 
and the simulated results show that the high isotropic permeability or a combination 
of high in-plane and low through-plane permeability results in higher performance of a 
polymer electrolyte membrane fuel cell. The fuel cell performance significantly 
deteriorates with low in-plane and high through-plane permeability of gas diffusion 
layer. 
 
Keywords: PEM fuel cell; saturation; diffusivity; permeability; anisotropy; gas 
diffusion layer. 
 
 
1.0 Introduction 
 
One of the major challenges facing the scientific and engineering communities is 
finding sustainable and environmentally friendly energy sources. Current energy 
demands are primarily met by burning fossil fuels. Over reliance on fossil fuels not 
only increases greenhouse gas emission, but also leads to depletion of the source. In 
search of alternative and clean energy source, much research has been focused on 
wind turbine, tidal energy, biomass and hydrogen fuel cells. Fuel cells have many 
advantages over the other sources such as continuous supply of energy without 
depending on nature, having compact design and wide ranges of applications. Among 
many different types of fuel cells, polymer electrolyte membrane (PEM) fuel cell 
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seems to be the front runner for deployment in variety of applications such as 
residential combined heat and power, automobiles, standby power unit and power 
plant. 
 
A PEM fuel cell works by combining hydrogen and oxygen through electrochemical 
reaction and producing water. A fuel cell is made of the following components: flow 
channels, gas diffusion layers (GDL), catalyst layers and a membrane. A fuel cell is 
split into cathode and anode sides. Reactants flow through the flow channel, diffuse 
through the GDL and reach the catalyst layer. At anode side, hydrogen splits into 
proton and electron; proton is carried through the membrane to the cathode side, 
while electron flows through the outer circuit providing power and then reaches the 
cathode catalyst layer. At cathode catalyst layer, proton, electron and oxygen 
combine to produce water. Though the process seems simple enough, there are many 
issues that are preventing wider deployment of PEM fuel cell. One of these issues is 
high cost of PEM fuel cell due to the use of expensive platinum catalyst. One method 
for reducing the high cost would be to obtain increased performance, especially at 
higher load (higher current densities) from the existing architecture. In order for this 
to happen a thorough understanding of transport of species through flow channels, 
gas diffusion layers, electrochemical reactions at catalyst layers, charge transports, 
heat transport and phase change of water is required. Due to confined and highly 
reactive nature of fuel cell, experimental data of common parameters such as 
temperature, species distribution, pressure and saturation within a fuel cell is sadly 
lacking [1]. In this respect a computational fluid dynamics model can provide a great 
deal of insight into the processes and phenomena inside a PEM fuel. Since the working 
of a PEM fuel cell involves many complex processes, the accuracy of a computational 
fluid dynamics fuel cell model would depend on the accuracy of all the physical sub-
models.  
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The earliest pioneering models developed by Bernardi [2], Bernardi and Verbrugge 
[3], Springer et al. [4] and Nguyen and White [5] were semi-empirical, often one-
dimensional and mainly based on experimental data for membrane for calibrating the 
performance characteristics.  Further development in modeling studies led to 
development of computational fluid dynamics based techniques. However, in the early 
days of developing computational fluid dynamics model for PEM fuel cells, single-
phase models were developed with water was assumed to be present in the vapour 
phase.  Mazumder and Cole [6], Nguyen et al [7] and Sivertsen and Djilali [8] have 
reported a three-dimensional single phase CFD modelling study of a PEM fuel cell.  
Lum and McGuirk [9] have investigated the effects of electrode thickness, shoulder 
width, degree of permeability of gas diffusion layer and oxidant concentration on the 
cell performance.  Berning and Djilali [10] have investigated the effects of operational 
parameters such as temperature, pressure, stoichiometric flow ratio as well as 
geometric and material parameters such as electrode thickness, porosity and the 
channel width and land area. In these studies, water was considered to be present 
only in the vapour form. Though the studies provided excellent qualitative 
information, the real situation of the presence of liquid water inside gas diffusion 
layers, flow channels and its effect on the gas transport has not been studied. In the 
work of Wang et al [11], and You and Liu [12] both liquid and vapour phase of water 
flows have been considered, but only inside the cathode gas diffusion layer. In a 
follow-up paper, You and Liu [13] reported a two-dimensional, two-phase coupled 
PEM model, which showed that the liquid water also influenced the oxygen transport. 
Natarajan and Nguyen [14] employed a pseudo three-dimensional model to 
investigate liquid water movement inside cathode electrode. Berning and Djilali [15] 
also developed a three-dimensional, multi-phase, multi-component model considering 
heat and mass transfer. In their study liquid water transport inside the GDL was 
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numerically modeled by using viscous and capillary effects. This method was also 
implemented by Mazumder and Cole [16]. Min [17] developed a three dimensional, 
two-phase, non-isothermal model based on two-fluid model.  Meng [18] developed a 
mixed domain two-fluid PEM fuel cell model, where water transport through the 
membrane was calculated by solving a conservation equation for water content in the 
membrane.  With the advancement of knowledge and computer power, the recent 
trend has been to employ three dimensional, two-phase modeling. Khan et al. [1] 
have provided a recent review on two-phase flow modelling of PEM fuel cell and 
highlighted that anisotropic GDL properties, water saturation and inter-phase change 
between humidified gaseous species and liquid water are still less understood. 
 
Despite having major advancement in developing computational model for PEM fuel 
cell, a complete fuel cell model is still illusive, because of the complexity of problem 
and further study is clearly needed in many aspects of sub-model development. The 
present study focuses on the investigation on the accurate modelling of the effective 
diffusivity of gas diffusion layer. The main function of a gas diffusion layer of a PEM 
fuel cell is to diffuse reactants towards the catalyst layer and remove product from the 
catalyst layer. Since a gas diffusion layer is made of randomly distributed fibres, it 
exhibits anisotropic behavior due to the orientation of fibres [19]. However, common 
trend has been to use isotropic Bruggeman correlation for treating the effective 
diffusivity of species for porosity effects. Several other diffusivity models have also 
been proposed [20-23] and a comprehensive comparison study by Hossain et al [24] 
using a single phase model shows that a percolation based anisotropic model where 
in-plane diffusivity is higher than through plane diffusivity provides a much closer 
prediction to the experimental performance curve. 
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During operation of a PEM fuel cell at high current densities, condensed water in the 
gas diffusion layer blocks pore spaces and reduces the effective gas diffusivity. The 
effect of saturation on gas diffusivity has been tackled by researchers through 
applying a power law relative diffusivity model. However, there are many differences 
in the value of exponent used in the power law model. For example, He et al [25] and 
Mishra and Wu [26] used a value of 3, whereas Jung et al [27] used a value of 1.5. 
Nam and Kaviany [28] have provided a detailed analysis of the effective gas diffusivity 
using a pore network model and shown that a combination of percolation based model 
for porosity effect and a power law with an exponent of 2 for saturation has provided 
a good agreement with the results obtained from the pore network model. Dawes et al 
[22] have investigated the effective diffusivity effects and reported that the 
percolation based models for both porosity and saturation have provided a better 
agreement compared to the power law model with exponent of 1.5. 
 
The main aim of the present study is tackle the uncertainty involved in the relative 
diffusivity modeling. A comparative study of various power law and percolation models 
for saturation as well as the effects of isotropic and anisotropic permeability of gas 
diffusion layer has been reported here. A detailed description of the development of a 
two phase computation fuel cell model has also been provided. The present study 
highlights the importance of accurate description of sub-models under the overall 
computational fuel cell model. 
 
 
2.0 Mathematical Model 
 
The governing equations for the PEM fuel cell model consist of continuity, momentum 
and species transport inside the catalyst layers, gas diffusion layers and the flow 
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channels.  To represent the electrochemistry and transport phenomena through the 
membrane, appropriate source terms are applied at the anode and cathode catalyst 
layers. The set of governing equation in the present fuel cell model development is 
given below: 
 
2.1. The mass conservation equation (continuity equation): 
 
∇ (ρu�⃗ ) = 0       (1) 
 
where ρ is the fluid density, 𝑢�⃗ is the velocity vector and Sm is the source term. 
 
2.2 The momentum conservation equation: 
 
( ) ( )uu P u Sur µ∇ = −∇ +∇ ∇ +
  
      (2) 
 
where P is the pressure and Su is the source term.  
 
In the flow channel, Su is zero. In the gas diffusion layers and the catalyst layers 
Darcy’s law term is added to the momentum equations to represent the momentum 
related to the porous media. This source term is expressed as: 
 
𝑆𝑢 = −𝜇𝑢�⃗𝐾           (3) 
 
where, K is permeability of the porous media (gas diffusion layers and catalyst 
layers). 
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2.3 The species conservation equation:  
  
∇(𝜌 𝑢�⃗ 𝑋𝑘) = ∇�𝐷𝑘𝑒𝑓𝑓𝜌∇𝑋𝑘� + 𝑆𝑘    (4) 
 
where index k refers to oxygen, hydrogen, water vapour and liquid water. Xk is the 
molar concentration of species k and Dkeff is the effective diffusion coefficient of 
species k.  
 
The source terms (Sk) in the species conservation equation (4) are defined as zero for 
all regions of the model except at the catalyst layers. Species source term for anode 
and cathode catalyst layers are expressed as: 
 
Consumption of hydrogen due to electrochemical effects at the anode catalyst layer 
𝑆𝐻2 = − 𝐼𝐴2𝐹 𝑀𝐻2          (5) 
 
Consumption of oxygen due to electrochemical effects at the cathode catalyst layer 
 
𝑆𝑂2 = − 𝐼𝐴4𝐹𝑀𝑂2         (6) 
 
Production of water and flux of water due to electrochemical effects at the cathode 
catalyst layer 
 
𝑆𝑐𝑤 = [1+2𝛼]𝐼𝐴2𝐹 𝑀𝐻2𝑂        (7) 
 
The flux of water due to electrochemical effects at the anode catalyst layer 
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𝑆𝑎𝑤 = −𝛼𝐼𝐴𝐹 𝑀𝐻2𝑂         (8) 
 
The current density I and net water transfer coefficient  𝛼 are used to determine these 
source terms.  
 
To account for phase changes between water vapour and liquid water, the following 
source term has been added in the species transport equation for liquid water and 
water vapour (4) according to [29] 
 
𝑆𝑤𝑙𝑝 = −𝑆𝑤𝑣𝑝 = (𝑃𝑤𝑣−𝑃𝑤𝑣𝑠𝑎𝑡)𝑅𝑇 × 𝑀𝐻2𝑂 × 𝑘𝑐     (9) 
 
Where kc is the water vapour condensation rate. 
 
The diffusion coefficient of species can be expressed as [30]: 
 
𝐷𝑘 = 𝐷𝑘,𝑟𝑒𝑓 � 𝑇𝑇𝑟𝑒𝑓�3 2� (𝑃𝑟𝑒𝑓𝑃 )       (10) 
 
where Dk,ref is the reference value at Tref and Pref.  The diffusivity values obtained from 
equation (10) needs to be corrected for porous regions. 
 
The diffusion coefficient in the porous regions can be expressed as  
  
𝐷𝑘
𝑒𝑓𝑓 = 𝑓(𝜖)𝑔(𝑠)𝐷𝑘        (11)  
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Tomadakis and Sotirchos [20] model has been shown to provide the best 
representation of effective diffusivity and this percolation theory based diffusion model 
for random fibrous porous medium is given by [28] 
 
𝒇(𝜺) =  𝜺 �𝜺−𝜺𝒑
𝟏−𝜺𝒑
�
𝜶
        (12) 
 
where  𝜀𝑝 is the percolation threshold and equal to 0.11. 𝛼 is the empirical constant 
which depends on the direction. 𝛼 is 0.521 and 0.785, for in-plane and through-plane 
diffusion, respectively.  
 
The effects of saturation on the effective diffusivity of species can be generally given 
by power law model according to [28], 
( ) ( )1 mg s s= −           (13) 
 
As highlighted in introduction section, various researchers have used different values 
of exponent m. 
 
In the present study a, relative permeability model based on percolation theory to 
represent the effect of saturation proposed by Dawes et al [22] has also been 
evaluated: 
 
𝑔(𝑠) = �(1−𝑠)−0.11�0.9(1−0.11)0.9        (14) 
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A number of auxiliary equations need to be solved to model the electrochemical 
reactions and determine the local current density and net water transfer coefficient. 
The auxiliary equations are based on the assumption of membrane Nafion 117, and 
are taken from the work of Springer et al. [4]  
 
 
2.4 Auxiliary Equations 
The auxiliary model equations, needed to be solved to determine the net water 
transfer coefficient and cell voltage at average current density, are summarized 
below:  
 
2.4.1 Water Transport in the membrane: 
When electrochemical reaction takes place inside a fuel cell, water molecules are 
dragged through the membrane from the anode to the cathode with protons. This is 
known as electro-osmotic drag. In addition, some of the water produced at the 
cathode transports through the membrane from the cathode side to anode side due to 
concentration gradient, known as back-diffusion. Hence, the amount of water 
transported across the membrane is equal to the difference in water transported by 
the back-diffusion and that by electro-osmotic drag [17]. 
 
In order to reduce complexity in the model development, it is assumed that the water 
transport across the membrane is one-dimensional and can be approximated by a 
single step linear difference in concentrations at the cathode and anode side. The final 
expression for the net water transfer coefficient per proton is [9] 
 
𝛼 = 𝑛𝑑 − 𝐹𝐷𝐻2𝑂[𝐶𝐻2𝑂𝑐−𝐶𝐻2𝑂𝑎]𝐼𝑡𝑚       (15) 
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Where 𝐷𝐻2𝑂 represents water diffusion coefficient, and  𝐶𝐻2𝑂𝑎 and 𝐶𝐻2𝑂𝑐 represent the 
molar concentration of water at the anode and cathode side respectively, I is the 
average current density and tm is the membrane thickness and F is the Faraday’s 
constant.  
 
Electro-osmotic drag coefficient describes the amount of water dragged by each 
proton across the membrane from the anode to the cathode side and expressed as, 
[9] 
  
𝑛𝑑 = 0.0049 + 2.02𝑎𝑎 − 4.53𝑎𝑎2 + 4.09𝑎𝑎3  ;  𝑎𝑎 ≤ 1 
𝑛𝑑 = 1.59 + 0.159(𝑎𝑎 − 1);                               𝑎𝑎 > 1          (16) 
 
where, water activity is defined as, [9] 
  2
2
,
,
H O K
k sat
H O K
X P
a
D
=          (17) 
where P is the cell pressure and 𝑋𝐻2𝑂.𝐾 is the mole fraction of water on either the 
anode or cathode side.  
Water diffusion coefficient is expressed as, [9]
          
 
𝐷𝐻2𝑜 = 5.5𝑒−11𝑛𝑑exp [2416 � 1303 − 1𝑇�]      (18) 
Water vapour saturation pressure [9] 
𝑃𝐻2𝑂𝑠𝑎𝑡 = �0.000644367 + 0.000213948(𝑇 − 273) + 3.4329𝑒−5(𝑇− 273)2 − 2.70381𝑒−7(𝑇−273)3 + 8.77696𝑒−9(𝑇− 273)4� − 3.14035𝑒−13(𝑇− 273)5 + 3.82148𝑒−14(𝑇− 273)6]1.013𝑒5
            (19)
 
Water concentration on the anode and cathode side, [9] 
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2
2
, 2 3
,
,
,
(0.043 17.8 39.8 36.0 ; 1
(14 1.4( 1)); 1
m dry
H OK k k k k
m dry
m dry
H OK k k
m dry
C a a a a
M
C a a
M
r
r
= + − + ≤
= + − >
      (20)
 
 
2.4.2  Polarization Characteristics 
 
When electrical energy is drawn from the cell, the cell experiences various losses 
(polarization, overpotential and overvoltage losses) and a result the cell potential 
drops.  The cell voltage can be expressed by the following equation [17]: 
        (21) 
where E is the equilibrium thermodynamic potential which is calculated using the 
Nernst equation [17]: 
      (22) 
𝜼𝒂𝒄𝒕 is the activation overpotential, 𝜼𝒐𝒉𝒎is the ohmic overpotential and 𝜼𝒄𝒐𝒏𝒄 is the 
concentration overpotential.  
Activation overpotential (ηact): 
The activation overpotential is a function of local current density, exchange current 
density and concentration of oxygen. The activation overpotential is expressed by 
Butler-Volmer equation, [17] 
 
1
2
, , ,
,
(1 )( ) {exp[ ] exp[ ]}h a a a aa a ref act a act a
h ref
C n F n Fi i
C RT RT
α α
η η
−
= − −
 
, , ,
,
(1 )( ){exp[ ] exp[ ]}o c c c cc c ref act c act c
o ref
C n F n Fi i
C RT RT
α α
η η
−
= − −
      (23)
 
 
Where ia,ref and ic,ref are the exchange current density multiplied by specific area, n is 
electron number of reaction at anode or cathode and 𝛼 is the transfer coefficient.  
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Ohmic Overpotential (ηohm): 
The ohmic overpotential occurs due to resistance to electron and ion transfer and can 
be expressed as [17]: 
       (24) 
Where Rel is the resistance to electron transfer and Rpro is the resistance to proton 
transfer. In general, the resistance to electron transfer is difficult to predict and to 
avoid complexity in the present model, Rel = 0.1 Ω cm2 is assumed according to the 
work of Min [17]. The resistance to ion transfer, Rpro is calculated using following 
expression [17]: 
 
𝑅𝑝𝑟𝑜 = 𝑡𝑚
𝑘𝑚
          (25) 
 
tm is the thichness of the membrane and km is the phase conductivity of the 
membrane. The membrane phase conductivity depends on the temperature and water 
concentration at anode side and expressed as  
 
𝑘𝑚 = 100[0.00514 �𝑀𝑚,𝑑𝑟𝑦𝜌𝑚,𝑑𝑟𝑦� 𝐶𝐻2𝑂𝑎 − 0.00326] × exp �1268( 1303 − 1𝑇)�    
  (26) 
 
Concentration Overpotential (ηconc): 
At high current densities, polarization losses are dominated by concentration 
overpotential which is caused by slow diffusion of gas phase through the porous 
regions. These losses can be determined by, [17]: 
         (27) 
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where IL is the limiting current density [17]:    
,0h k
L
d
nFD C
i
H
=
          (28) 
where, 𝐷ℎ is the diffusion coefficient of hydrogen and 𝐶𝑘,𝑜 is the molar concentration of 
hydrogen before entering the gas diffusion layer,  𝐻𝑑 is the height of the diffusion 
layer. 
 
 
2.5 Numerical procedure  
 
The numerical methodology involves solving a set of partial differential equations of 
continuity, momentum, species concentrations involving oxygen, hydrogen, water 
vapour and liquid water. This set of equations is supplemented with auxiliary 
equations to take into account electro-chemical reactions. The continuity and 
momentum equations are solved through Ansys Fluent CFD code, while species 
concentration equations are solved under user defined scalar (UDS) scheme.    The 
convection terms in the governing equations are discretised by 2nd order upwind 
scheme and the pressure velocity coupling is achieved by SIMPLE algorithm. The 
electro-chemistry has been treated explicitly with the specification of an average 
current density of the cell and all relevant parameters are calculated from auxiliary 
equations after obtaining concentration of species from their respective governing 
equations. The explicit electrochemistry modeling allows reducing modeling 
complexity of solving transport equations for voltage potential; but at the same time 
allows the investigation of diffusion of species through the GDL realistically, which is 
the main focus of this study.  
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2.6 Computational domain and physical parameters 
 
A representative section a three-dimensional straight channel has been considered in 
the present study (Figure 1). The geometry is similar to the computational work of 
Min [17] and Liu et al. [30]. Physical dimensions of the computational domain as well 
as relevant fuel cell parameters are given in Table 1. The computational domain has 
been meshed with quadrilateral grids of 12700 cells. A grid sensitivity test using upto 
60000 cells has proved that the grid size of 12700 cells is sufficient to provide grid 
independency. Simulations have been carried out on a quad core Xeon workstation 
running on serial server.  Each simulation took approximately 1000 iterations to 
converge in approximately 15 minutes of run time.  
 
Dirichlet boundary conditions are applied at cathode and anode inlet. The inlet velocity 
is a function of stoichiometric flow ratio, ζ , geometrical area of membrane Am and 
cross-section area of gas channel, Ach, reference current density, Iref and 
concentration of reactants [30], 
 
𝑢𝑐,𝑖𝑛 = 𝜁 𝐼𝑟𝑒𝑓4 𝐹 1𝑥𝑂2,𝑖𝑛 𝑅𝑇𝑃 𝐴𝑚𝐴𝑐ℎ         (29) 
   
𝑢𝑎,𝑖𝑛 = 𝜁 𝐼𝑟𝑒𝑓2 𝐹 1𝑥𝐻2,𝑖𝑛 𝑅𝑇𝑃 𝐴𝑚𝐴𝑐ℎ          (30) 
 
A pressure outlet condition is assumed.  A symmetry boundary condition is applied on 
the side surfaces of the porous regions (Figure 1). No slip condition is applied to the 
external walls. 
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3.0 Results and Discussions 
 
3.1 Performance Characteristics 
 
A common practice in developing computational fuel cell model is to verify the model 
by comparing against V-I performance characteristics curve. Figure 2 shows the 
computed V-I characteristics curve for different relative diffusivity models. The figure 
also shows calculation from a single phase model by the authors [24] and 
experimental data from Ticianelli et al [31]. The V-I characteristic curves presented in 
Figure 2 show that the inclusion of two-phase flow modelling has significantly 
improved the prediction and brought the predicted cell voltage closer to the 
experimental data. The effect of relative diffusivity model has been predicted to be 
small, especially among the power law models. The model developed by Dawes et al 
[22] slightly overpredicts the voltage values at higher current densities. The power 
law model with the exponential factor of 3 is slightly closer to the experimental data; 
however, the results show that widely used value of exponential factor of 2 is a good 
approximation for relative diffusivity. 
 
3.2 Species concentrations 
 
Further insight into the power law saturation model with exponential factor of 2 and 
the percolation based Dawes et al [22] model has been provided through contour 
plots of mass fraction of oxygen, water vapour and liquid water in the cathode side as 
shown in Figures 3-5. The mass fraction of oxygen drops along the flow channel as 
oxygen diffuses through the GDL to the catalyst layer, where oxygen is consumed. 
The power law and Dawes et al [22] saturation models produce very similar oxygen 
profile inside cathode channel, however, the Dawes et al [22] model overpredicts the 
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mass fraction of oxygen under the land area. Figure 4 shows the water vapour mass 
fraction contour; the water vapour increases downstream due to the generation of 
water and the depletion of oxygen.  The water vapor also diffuses towards the channel 
through the gas diffusion layer caused by higher water vapor concentration under the 
land and results in curved lateral contours. Dawes et al [22] saturation model over 
predicts the water vapour mass fraction under the land area also. Dawes et al [22] 
model appears to predict higher transport of species and as a result, the Dawes et al 
[22] model slightly overpredicts the voltage compared to experimental data. Figure 5 
shows the mass fraction contour of liquid water in the cathode side. The simulation 
results show that a large amount of liquid water is trapped under the land area, 
whereas the amount of liquid water in the channel is very small. This result highlights 
that the under land area is critical for water management and effective design or 
operating parameter should be found to remove this trapped liquid. 
 
3.3 Effects of condensation coefficient 
 
The condensation/evaporation process of a PEM fuel cell is assumed to be governed 
by the partial pressure of vapor phase and temperature. However, Khan et al. [1] has 
questioned the validity of this assumption and highlighted that even fractional 
difference in temperature could have significant effects, which infers that several 
other unknown factors might influence the evaporation/condensation process. These 
unknown factors are accounted for through the condensation factor Kc in the 
simulation. Unfortunately, there has been no definite value for Kc and researchers 
have used very widely different values. 
 
In the present study, the effects of Kc number have been investigated. Figure 6 shows 
the voltage current characteristics curve for Kc=1 and Kc=10. The simulated cell 
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voltage at Kc= 1 is similar to the single phase results, while the simulated results for 
Kc=10 agrees well with the experimental results except at very high current densities. 
Figures 7-9 show the contour plots of oxygen, water vapour and liquid water at the 
cathode side. At Kc=1, the amount of oxygen under the land is large compared to the 
Kc=10 (Figures 3 and 7), whereas the amount of water vapour is almost at similar 
levels for the both the condensation rates (Figures 4 and 8). The contour plots of 
liquid water show that Kc=1 is not adequate to convert water vapour into liquid water 
(see Figure 9). At higher condensation rate (Kc=10), large amount of liquid water is 
produced (Figure 5) compared to the Kc=1 case. For Kc=10 case, the liquid water 
under the land area blocks the pores of GDL for oxygen to diffuse through and as a 
result the prediction with  Kc=10  produces lower cell voltage and brings the 
prediction much closer to the experimental data. 
 
 
3.4 Effects of GDL permeability 
 
The permeability of a gas diffusion layer is an important parameter that influences the 
performance of a fuel cell. The effects of isotropic and anisotropic permeability of a 
fuel cell have been investigated using the values given in Table 2. The test cases C11, 
C22 and C33 represent isotropic permeability. Experimental evidence suggests that 
in-plane permeability in gas diffusion layer is higher than through-plane permeability 
[19] and therefore, C11, C12, C13, C23 cases are more relevant to actual fuel cell. 
Simulations have been carried out for 0.5 A/cm2 and 1.0 A/cm2 current densities and 
the calculated average cell voltages have been presented in Tables 4 and 5. At 0.5 
A/cm2 current density, the effect of permeability is almost negligible as shown in Table 
3, however, the effects of permeability becomes significant at a current density of 1.0 
A/cm2. For the isotropic cases C11, C22 and C33, the decrease of permeability leads 
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to a large drop in fuel cell performance. For anisotropic cases C11, C12, C13, where 
the in-plane permeability is kept fixed at 1X10-8, and the through plane permeability 
has been varied 1X10-8, 1X10-10 and 1X10-12, the effect is less significant with voltage 
dropping from 0.206 to 0.19. For the cases C11, C21, C31, where the through plane 
permeability is kept at a high value of 1X10-8, whereas the in-plane permeability is 
varied 1X10-8, 1X10-10, 1X10-12, the effect is rather significant with the voltage 
decreasing from 0.206 to 0.048. The implication of this is that either the permeability 
of GDL should be isotropic with high enough value or anisotropic with higher in-plane 
permeability. The anisotropic GDL with higher through-plane permeability and lower 
in-plane permeability would lead to the poor performance of fuel cell. Again for C13 
and C31 cases, the computed average cell voltages are 0.19 and 0.048 respectively, 
which clearly shows that the higher in-plane permeability compared to through plane 
permeability produces better cell performance. 
 
Further insights into the effects of permeability can be gained from the profiles of 
mass fraction of oxygen, water vapour and liquid water at the catalyst/GDL interface 
at three different locations as shown in Figures 10-12. In Figure 11, the profile of 
mass fraction of oxygen shows two distinct groupings. For C11, C12 and C13 cases, 
adequate oxygen is available under the land area, but all other cases, no oxygen is 
available under the land area.  There are two possible reasons behind this: (1) less 
amount of oxygen is diffusing due to low permeability and (2) more importantly the 
presence of liquid water blocking the fresh oxygen to reach the reaction sites. Water 
removal rate is very good for the case of C11, C12, C13 with less amount of water 
(both liquid and vapour form) is present under the land area as shown in Figures 12 
and 13. As a result, C11, C12 and C13 cases are the most efficient. This is also 
evidenced from in the cell voltage values given in Table 4.  
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4.0 Conclusions 
 
A two-phase computational fluid dynamics based PEM fuel cell model has been 
implemented to investigate the effects of diffusivity and permeability in order to 
determine the best way to model the transport limitation of species caused by the 
water flooding. A thorough comparison study of liquid water saturation model using 
power law with various exponential factors and a percolation based model has been 
reported in this study. The simulated results have been compared against the 
reported experimental results for characteristics curve. The present study shows that 
the percolation based relative permeability model overpredicts the cell voltage at 
higher current density, whereas the power law model with a exponential factor of 2 
reproduces cell voltage much closer to the experimental data. 
 
The effects of anisotropic and isotropic permeability have also been investigated and 
the simulated results show that in order to get higher fuel cell performance, the 
permeability of gas diffusion layer has to be high in both in-plane and through-plane 
directions. The higher in-plane and lower through plane permeability also produces 
good fuel cell performance. On the other hand, higher through-plane and lower in-
plane permeability produces poor fuel cell performance. As this investigation shows, 
this performance deterioration arises from inadequate water removal under the land 
area. The present study shows that by optimizing the permeability of gas diffusion 
higher performance of a PEM fuel cell can be obtained. 
 
Nomenclature 
ak   water activity 
A  specific area of the catalyst layer (m-1) 
C  molar concentration (mol m-3) 
D  diffusion coefficient (m2 s-1) 
E  equilibrium thermodynamic potential (V) 
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F  Faraday constant (96485.309 C mol-1) 
H  Height (m) 
i  reaction rate (Am-3) 
I  average current density (Am-2) 
K  permeability (m2) 
kc  condensation rate (s-1) 
km  phase conductivity of membrane (S m-1)  
L  length (m) 
M  molar mass (kg mol-1) 
Mm,dry  dry mass of membrane (Kg mol-1) 
n  electron number for reactions 
nd  electro-osmotic drag coefficient 
P  pressure (Pa) 
R  gas constant (8.314 J mol-1 K-1) 
RH  relative humidity 
S  source term 
s  liquid water saturation  
tm  membrane thickness 
T  temperature (K) 
u   velocity vector (m s-1) 
Vcell  cell voltage (V) 
W  width (m) 
X  molar fraction 
 
Greek symbols 
α  net water transfer coefficient 
ε  porosity 
η  overpotential (V) 
µ  viscosity (kg m-1 s-1)  
ρ  density (kg m-3) 
ω  mass fraction 
ζ  stoichiometric ratio 
 
 
Subscripts and superscripts 
 
0  before diffusion layer 
a  anode 
act  activation  
av  average 
c  cathode  
conc  concentration 
d  diffusion layer 
eff  effective 
el  electron 
H2  hydrogen 
k  species 
L  limiting 
m  membrane 
O2  oxygen 
ohm  ohmic polarization 
pro  proton 
ref  reference 
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sat  saturation 
wv  water vapour 
 
 
 
Acknowledgement 
 
This project was funded by Northern Research Partnership (NRP) and IDEAS Research 
Institute, The Robert Gordon University, Aberdeen, UK.  
 
References 
[1] M.A. Khan, B. Sundén B, J. Yuan, Analysis of multi-phase transport phenomena 
with catalyst reactions in polymer electrolyte membrane fuel cells – A review, J. 
Power Sources. 196 (19) (2001) 7899-7916.  
[2] D. M. Bernardi, Water-balance calculations for solid-polymer-electrolyte fuel 
cells, Journal of Electrochemical Society. 137 (11) (1990) 3344-3350. 
[3] D.M. Bernardi, M.W. Verbrugge, A mathematical model of the solid polymer 
electrolyte fuel cell, Journal of Electrochemical Society. 139(9) (1992) 2477-
2491. 
[4] T. E., Springer, T. A., Zawodziniski, S. Gottesfeld, Polymer Electrolyte fuel cell 
model, Journal of Electrochemical Society. 138 (8) (1991) 2334-2342. 
[5] T. V. Nguyen, R.E. White, A water and heat management models for proton-
exchange-membrane fuel cells, Journal of Electrochemical Society. 140 (1993) 
2178-2186. 
[6] S. Mazumder, J. V. Cole, Rigorous 3-D mathematical modelling of PEM fuel 
cells: 1. model predictions without liquid water transport, Journal of the 
Electrochemical Society. 150(11), (2003) A1503-A1509. 
[7] P.T. Nguyen, T. Berning, N. Djilali, Computational model of a PEMFC with 
serpentine gas flow channels, Journal of Power Sources. 130 (2004) 149-157. 
24 
 
[8] B. R. Sivertsen, N.  Djilali. CFD-based modelling of proton exchange membrane 
fuel cells, J. Power Sources. 141 (2005) 65-79. 
[9] K. W. Lum, J. J. McGuirk, Three-dimensional model of a complete polymer 
electrolyte membrane fuel cell-model formulation, validation and parametric 
studies, J. Power Sources.  143 (2005) 103-124. 
[10] T. Berning, N. Djilali, Three-dimensional analysis of transport phenomena 
in a PEM fuel cell-a parametric study, J. Power Sources. 124 (2003) 440-452. 
[11] Z. H. Wang, C. Y. Wang, K. S. Chen, Two-phase flow and transport in the 
air cathode of PEM fuel cells, J. Power Sources. 94 (2001) 40-50. 
[12] L. You, H. T. Liu, A two-phase flow and transport model for the air 
cathode in PEM fuel cells, Int. H. Heat Mass Transfer. 45 (2002) 2277-2287. 
[13] L. You, H. Liu, A two-phase flow and transport model for PEM fuel cells, J. 
Power Sources. 155 (2006) 219-230. 
[14] D. Natarajan, T. V. Nguyen, Three-dimensional effects of liquid water 
flooding in the cathode of a PEM fuel cell,  J. Power Sources. 115 (2003) 66-80. 
[15] T. Berning, N. Djilali, A 3D, multiphase, multicomponent model of the 
cathode and anode of a pem fuel cell, J. Electrochem. Soc. 150 (2003) A1589-
A1598. 
[16] S. Mazumder, J. V. Cole, Rigorous 3-D mathematical modelling of pem 
fuel cells,  ii. Model predictions with liquid water transport, J. Electrochem. Soc. 
150(11) (2003) A1510-1517. 
[17] C. H. Min, Performance of a proton exchange membrane fuel cell with 
stepped flow field design, J. Power Sources. 186 (2009) 370-376. 
[18] H. Meng, A three dimensional mixed-domain PEM fuel cell model with 
fully-coupled transport phenomenon, J. Power Sources. 164 (2007) 688-696.  
25 
 
[19] J. G. Pharoah, K. Karan, W. Sun, On effective coefficients in PEM fuel cell 
electrodes: anisotropy of the porous transport layers, J. Power Sources.  161 
(2006) 214-224. 
[20] M. M. Tomadakis, S. V. Sotirchos, Ordinary and transition regime 
diffusion in random fiber structures, AIChE J. 39 (1993) 397-412. 
[21] M. Mezedur, M. Kaviany, W. Moore, Effect of pore structure, randomness 
sand size on effective mass diffusivity, AIChE J. 48 (2002) 15–24. 
[22] J. E. Dawes, N. S. Hanspal,  O. A. Famioly, A. Turan, Three-dimensional 
CFD modeling of PEM fuel cells: an investigation into the effects of water 
flooding, Chem. Eng. Sci. 64 (2008) 2781-2794. 
[23] G. H. Neale, W. K. Nader, Prediction of transport processes within porous 
media - diffusive flow processes within a homogeneous swarm of spherical-
particles, AIChE J. 19 (1973) 112–119. 
[24] M. Hossain, S. Z. Islam, P. Pollard P, Numerical study of the effect of 
effective diffusivity coefficient and permeability of gas diffusion layer on fuel cell 
performance, Proc. IMechE Part A - Journal of Power and Energy, July 31, 2012, 
as doi:10.1177/0957650912454402. 
[25] G. He, Y. Yamazaki, A. Abudula,  A three-dimensional analysis of the 
effect of anisotropic gas diffusion layer (GDL) thermal conductivity on the heat 
transfer and two-phase behavior in a proton exchange membrane fuel cell 
(PEMFC), J. Power Sources.  195 (6) (2010) 1551-1560.  
[26] B. Mishra, J. Wu, Study of the effects of various parameters on the 
transient current density at polymer electrolyte membrane fuel cell start-up, 
Renewable Energy. 34 (10) (2009) 2296-2307.  
26 
 
[27] C. Y. Jung, C. H. Park, Y. M. Lee, W. J. Kim, S. C., Yi, Numerical analysis 
of catalyst agglomerates and liquid water transport in proton exchange 
membrane fuel cells, Int. J. Hydrogen Energy. 35 (16) (2010) 8433-8445.  
[28] J. Nam, M. Kaviany, Effective diffusivity and water-saturation distribution 
in single- and two-layer PEMFC diffusion medium, Int. J. Heat and Mass 
Transfer. 46 (24) (2003) 4595-4611.  
[29] L. J. Yu, G. P. Ren, M. J. Qin, X. M. Jing, Transport mechanisms and 
performance simulations of a PEM fuel cell with interdigitated flow field, 
Renewable Energy.  34 (2009) 530-543. 
[30] X. Liu, W. Tao, Z. Li, Y. He. Three-dimensional transport model of PEM 
fuel cell with straight flow channels, J. Power Sources 158 (2006) 25-35. 
[31] E. A. Ticianelli, C. R. Derouin, S. Srinivasan, Localization of platinum in 
low catalyst loading electrodes to attain high power densities in SPE fuel cells. 
J. Electroanal. Chem. 251 (1998) 275-295. 
  
27 
 
 
Table 1 Physical parameters and boundary conditions used for the simulations (Min 
[17] and Liu [30]) 
Gas channel length     L= 100 mm 
Gas channel width       W = 1 mm 
Gas channel height      Hch = 1 mm 
Diffusion layer height      Hd = 0.254 mm 
Catalyst layer height      Hct = 0.0287 mm 
Land area width          Wl = 1 mm 
Membrane thickness     𝑡𝑚  = 0.23 mm 
Permeability       K = 1.76x 10-11 m2 
Faraday Constant       F = 96485.309 C mol-1 
Operating pressure      P = 101325 Pa  
Operating temperature      T = 323 K 
GDL porosity       εgdl = 0.4 
CL porosity       εcl   = 0.4 
Dry mass of membrane      Mm,dry = 1.1kgmol-1 
Dry density of membrane     ρm,dry  = 2000 kgm-3 
Fuel/ air stoichiometric ratio  𝜉𝑎/𝜉𝑐= 5/5 
Electron number of anode   𝑛𝑎 = 4 
reaction 
Electron number of cathode   𝑛𝑐 = 2 
reaction 
Relative humidity of inlet fuel  RHa = 100% 
Relative humidity of inlet air  RHc = 0% 
Oxygen mass fraction of inlet air  𝜔𝑂 = 0.232 
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H2 diffusion coefficient   Dh, ref = 0.915 × 10-4 m2s-1 
at reference state 
O2 diffusion coefficient    DO, ref = 0.22 × 10-4 m2s-1 
at reference state 
Water vapour diffusion coefficient   Dw, ref = 0.256 × 10-4 m2s-1 
at reference state 
Anode exchange current density     ia,ref   = 2.0 × 108 Am-3 
cathode exchange current density     ic,ref   = 160  Am-3 
Hydrogen reference concentration   Ch,ref  =  56.4 mol m-3 
Oxygen reference concentration   Co,ref  =  3.39 mol m-3 
Anode transfer coefficient   αa  = 0.5  
Cathode transfer coefficient  αc  = 0.5  
Water vapour condensation rate  kc = 10 s-1 
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Table 2 Combinations of permeability for the model study  
 
In plane 
permeability 
Through plane permeability 1 × 10P-8 1 × 10P-10 1 × 10P-12 1 × 10P-8 C11 C12 C13 1 × 10P-10 C21 C22 C23 1 × 10P-12 C31 C32 C33 
 
 
 
Table 3 Cell Voltage at isotropic and anisotropic conditions for average current 
density of 0.5 Acm-2. (porosity = 0.4) 
 
Case 
Studies 
Cell 
Voltage 
C11 0.583 
C22 0.571 
C33 0.568 
C12 0.584 
C13 0.577 
C21 0.571 
C23 0.571 
C31 0.568 
C32 0.568 
 
 
Table 4 Cell Voltage at isotropic and anisotropic conditions for average current 
density of 1 Acm-2.(GDL and CL porosity = 0.4) 
 
Case 
Studies 
Cell 
Voltage 
C11 0.206 
C22 0.156 
C33 0.026 
C12 0.207 
C13 0.190 
C21 0.159 
C23 0.148 
C31 0.048 
C32 0.052 
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Figure 1: Schematic diagram of the three-dimensional PEM fuel cell model 
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Figure 2: Comparison of saturation models for predicting V-I Characteristics curve. 
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Figure 3: Contour plot of mass fraction of oxygen at the cathode side. (a) Power Law 
model, (1-S)2 and (b) Percolation model, Dawes et al [12] 
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Figure 4: Contour plot of mass fraction of water vapour at the cathode side. (a) Power 
Law model, (1-S)2 and (b) Percolation model, Dawes et al [12]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b)  
 
 
34 
 
 
 
Figure 5: Contour plot of mass fraction of liquid water at the cathode side. (a) Power 
Law model, (1-S)2 and (b) Percolation model, Dawes et al [12]. 
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Figure 6: Comparison of the coefficient of condensation for predicting V-I 
Characteristics curve. 
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Figure 7: Contour plot of mass fraction of oxygen at the cathode side. (a) Power Law 
model, (1-S)2 with Kc=1. 
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Figure 8: Contour plot of mass fraction of water vapour at the cathode side. (a) Power 
Law model, (1-S)2 with Kc=1. 
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Figure 9: Contour plot of mass fraction of liquid water at the cathode side. (a) Power 
Law model, (1-S)2 with Kc=1. 
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Figure 10: Mass fraction of oxygen for different permeability cases at the GDL-Catalyst 
interface: (a) inlet, (b) middle (c) outlet section. 
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Figure 11: Mass fraction of water vapour for different permeability cases at the GDL-
Catalyst interface: (a) inlet, (b) middle (c) outlet sections. 
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Figure 12: Mass fraction of water vapour for different permeability cases at the GDL-
Catalyst interface: (a) inlet, (b) middle (c) outlet sections. 
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